Abstract -This paper compares state-of-the-art DC/DC converter topologies for electrolyzer and fuel cell applications in renewable energy systems (RES). The main components of the hydrogen-based energy storage system should be connected to the DC-bus of a RES via separate interface converters: the electrolyzer is interfaced by the step-down DC/DC converter, while the fuel cell is connected through the step-up DC/DC converter. Because of the high input and output voltage differences the topologies with a high-frequency voltage matching transformer are analyzed. The inverter and rectifier sides of the discussed DC/DC converters presented in schemes are analyzed in detail.
I. INTRODUCTION
Use of alternative energy sources is an urgent issue today. Main advantages of renewable energy are zero fuel costs and lower impact on the environment. However, renewable energy sources, such as solar and wind power, are difficult to forecast. To compensate unstable operation of a renewable energy system (RES) the concept of hydrogen use was introduced in [1] [2] [3] [4] . Fig. 1 shows a hydrogen-based energy storage system or a hydrogen buffer that stabilizes unregulated renewable energy generation. It consists of the following stages: hydrogen production, hydrogen storage and electricity production. In the excess energy periods the hydrogen generation system is connected to the DC-bus of the RES. In this stage electrical energy from the renewable energy source is converted into chemical energy by using water electrolysis and this energy is stored in a tank. In order to stabilize energy production during the absence of the renewable energy, stored hydrogen could be re-used. In this stage, hydrogen is converted into electrical energy by using a fuel cell (FC). The FC takes the hydrogen from the tanks to generate electricity, plus water and heat as by-products. Combination of an energy storage system and an RES allows controllable power production [5] [6] .
Typically, the electrolyzer (EL) and the FC are connected to the RES via separate interface converters. The EL is connected to the DC-bus of the RES through the step-down DC/DC converter, while the FC should be interfaced by the step-up DC/DC converter. DC/DC converters can provide interfaces of different voltage levels in the hydrogen buffer system. In principle, many basic power converter topologies can be used for the EL and the FC interconnections with the DC-bus of the RES. Because of comparatively high input and output voltage differences the DC/DC converters with a high-frequency voltage matching transformer are used more frequently. For reasons of safety this transformer should also perform the function of galvanic isolation of the primary and the secondary side. In this paper, state-of-the-art DC/DC converter topologies for the EL and FC applications are analyzed in detail and compared.
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II. DC/DC CONVERTER TOPOLOGIES FOR THE ELECTROLYZER APPLICATION
The EL and the FC perform opposite functions. Instead of generating electrical energy as the FC does, the EL consumes it. The EL is a low DC voltage sensitive load [7] and it cannot be directly connected to uncontrolled high DC voltages. To connect the EL to the DC-bus, it is required to buck the voltage of the DC-bus to the level of the EL [8] . The DC/DC converters with a high-frequency transformer fulfill these requirements. The DC/DC converter structure for the EL integration to the system of the RES is shown in Fig. 2 . In FC applications, this DC/DC converter consists of the following main components: 1 -inverter, 2 -isolation transformer, 3 -rectifier, 4 -output filter. The DC-bus voltage is converted to AC voltage by means of an inverter. To step down the voltage an isolation transformer is employed. The secondary side of the voltage is rectified by help of a rectifier. The output filter is used to improve the quality of the output voltage. It should be taken into account that the frequency of the current ripple at the output of the DC converter should be kept low, as higher frequencies increase the power losses in the electrolyzer [9] . The inverter side and the rectifier side topologies of DC/DC converters are described below.
As a result of the analysis of the references according to the DC/DC converter applications of electrolyzers [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , topologies of inverters can be classified into full-bridge (FB) [10] [11] [12] [13] [14] [15] [16] [17] and half-bridge (HB) [17] [18] [19] .
A. Inverter Side Topologies
In [10] [11] [12] a classical single-phase FB topology with an inductance and a capacitor in series is analyzed (Fig. 3) . The case where only an inductance is presented ( Fig. 3(a) ) is called a phase-shifted zero-voltage-switching (ZVS) PWM bridge inverter. It is called an LCL series resonant inverter (SRC) if a capacitor is added in series ( Fig. 3(b) ). It has been approved in [10] that an LCL SRC with capacitance output has desirable features over a phase-shifted ZVS PWM bridge inverter in applications where the low DC-bus voltage is applied. In [12] a boost zero-voltage-transition (ZVT) is added to improve the LCL SRC and make it more suitable for electrolyzer applications. Different phase-shifted FB ZVS topologies (Fig. 4(a) ) of an inverter are proposed in [13] [14] . Presented circuits are based on the usage of two transformers, connecting them in various ways and combining with capacitors. It has been reported that this topology can achieve complete ZVS in a wide range of load current and input voltage [13] [14] . One of the transformers is used to achieve ZVS, but other or power transfer. As in [13] [14] , in [15] an FB inverter with ZVS over the entire power conversion range is proposed. Inverter topology in [15] also consists of two transformers (Fig. 4(b) ), only in this case both transformers are used for power transfer. L, LC, and LCL filter and LCL series-parallel resonance inverters (SPRC) have been analyzed in [16] (Fig. 5(a) ), but the scope of the converter was to convert DC voltage from 48V at the input to 5V at the output of the converter. Instead of low voltage conversions in [16] , high voltage and high power converter application is analyzed in [17] . In [17] , in the analysis of ZVS and zero current switching (ZCS), a zero voltage zero current switching (ZVZCS) PWM inverter is described. ZVZCS PWM inverter is derived from the phaseshifted FB ZVS PWM inverters. No new trends relevant to HB topology inverters have been found if they are regarded as high-frequency inverters for EL applications. In fact, HB topology inverters were analyzed more than 20 years ago [18] [19] . General comparisons are reported in [17] with an analysis of HB vs. FB whereas FB is chosen. In [18] , an LCL resonance inverter for telecommunication power systems is analyzed, while in [19] pure series and parallel, series-parallel inverters are compared for low voltage applications. Topologies considered in [17] [18] [19] are depicted in Fig. 6 . 
B. Rectifier Side Topologies
As a DC/DC converter requires DC voltage at the output, AC voltage must be rectified. Usually rectification of the voltage is realized by the single-phase FB topology [10, 12, 16, 18] or by the current doubler topology [11, 13-15, 17, 19] . Rectifier topologies: single-phase FB (a) and current doubler (b) are shown in Fig. 7 . As rectified voltage contains voltage/current ripples, they must be filtered to operate the EL efficiently. A typical DC/DC converter output filter contains an inductor and a capacitor ( Fig. 7(c) ). Single-phase FB rectifiers are used with FB LCL inverters [10, 12, 16, 18] , as they require one transformer secondary winding to add an inductor or a capacitor as required. A two transformer current doubler rectifier with two inductors is presented in [15] , but in [11] a current doubler rectifier with one transformer secondary winding is shown (Fig. 8 ). 
III. DC/DC CONVERTER TOPOLOGIES FOR THE FUEL CELL APPLICATION
FC is a power source with low unregulated DC output voltage. To connect a FC to the load, it is necessary to boost and stabilize the relatively low output voltage of the FC to a certain operating voltage level. The DC/DC converter accomplishes both functions. Fig. 10 shows the DC/DC converter structure for the FC integration to the RES. This converter includes the following main components: 1 -inverter, 2 -isolation transformer, 3 -rectifier, 4 -output filter. Low output DC voltage of a FC is converted to AC voltage by means of an inverter. For voltage step-up an isolation transformer is employed. The secondary side voltage is rectified by help of a rectifier. The output filter is an optional component. It is used to improve voltage quality. The inverter side and the rectifier side topologies of a DC/DC converter are described below.
A. Inverter Side Topologies
The inverters used in the DC/DC converters could be subdivided as two-level and three-level [44] [45] [46] . In turn, both types of inverters can be classified into voltage source inverters (VSI) [20] [21] [22] [23] [24] [25] , current source inverters (CSI) [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] and Z-source (impedance source) inverters (ZSI) [37] [38] [39] [40] [41] [42] [43] . All these inverter types can be used for FC applications. More popular inverter topologies are as follows: single-phase (FB, HB, push-pull (PP)), and three-phase (FB, PP). Different types of switches can be used (MOSFET or IGBT technologies) for the inverter.
Two-Level Inverters
The single-phase FB VSI topology in Fig. 11(a) was presented in [20] [21] [22] [23] . This inverter consists of two legs. Each leg consists of two switches and their anti-parallel diodes. The FB VSI eliminates the need for a separate filter inductor. Lack of separate inductance helps reduce the cost of the DC/DC converter. In the FB VSI the voltage and current stress of the switch is lower than in the HB topology.
In [24] the FB VSI is used with a start-up additional circuit to avoid an FC peak current demand at the system start-up. The additional diode in series with the FC stack prevents from any reverse current inside the stack.
The circuit of the three-phase PP VSI, as shown in Fig.  11(b) , is proposed in [25] . The advantage of this inverter is the lower rms current through the switches. In the three-phase PP VSI topology the number of components is reduced in comparison with the three-phase FB topology.
In [26] it is shown that the single-phase FB VSI topology is less efficient for the FC application than the FB CSI topology. The FB CSI has stronger reliability for the inherent short current protection. The input current is continuous, and it prolongs the lifetime of the FC. As a result, in paper [27] the FB CSI has been chosen as an appropriate solution. Because of the high transient overvoltage across the semiconductors the CSI needs an additional clamping circuit to absorb this overvoltage. The FB CSI topologies with two different regenerative clamping circuits are presented in [27] . The circuit with external clamping energy feedback (Fig. 12(a) ) consists of the diode and the capacitance. The circuit with internal clamping energy feedback (Fig. 12(a) ) has an additional transistor in parallel to the diode. This transistor is responsible for feeding the stored energy in the capacitor back into the circuit [27] .
In the circuit of a single-phase FB CSI instead of MOSFET a reverse block IGBT can be used [28] . Elimination of the diodes in the reverse block IGBT should lead to such benefits as lower cost, smaller packages and lower conduction loss [28] .
The single-phase HB CSI topology in Fig. 12 (b) was presented in [29] as a suitable topology. This inverter topology shows higher efficiency and has higher input current ripple frequency than the FB CSI topology. The HB CSI reduces the need of two switches and the transformer turns ratio to half. The additional snubber capacitors are in parallel to the diode. The HB topology is popular for the power range around 1 kW. [29] [30] .
In [31] the single-phase PP CSI topology presented in Fig.  12(c) is analyzed. In this paper the CSI of the DC/DC converter was selected because of less input filtering in order to minimize the high frequency current ripple. The PP CSI provides high efficiency and has a good utilization of the transformer.
The single-phase PP CSI proposed in [32] is shown in Fig.  12(d) . This topology includes an auxiliary circuit for protection of the switches against overvoltage. The auxiliary circuit is basically a flyback converter, which converts the stored energy of the clamp capacitor to the DC-bus [32] .
The single-phase PP CSI topology described in [33] was modified by adding two coupled inductors to expand the duty cycle operation of the DC/DC converter. The proposed double-coupled PP CSI is shown in Fig. 12(e) . The DC/DC converter with an inverter of such type can operate from 0 to 100% of the duty cycle.
The three-phase FB CSI topology with an active clamp in Fig. 12 (f) was presented in [34] . The proposed converter includes the following features: increased power converter rating by employing three phases instead of a single phase; lower transformer turn-ratio by using a boost stage inherited by the current-fed type; achieve zero voltage switching in three-phase FB switches by a single common active clamp branch [34] .
The circuit of the three-phase PP CSI illustrated in Fig.  12 (g) is proposed in [35] . In this converter, the input boost inductor is placed in series with the power source. Threephase transformers are generally smaller and lighter than single-phase ones for the same processed power due to reduced voltage and magnetic stresses. Thus, the losses in the three-phase PP CSI are better distributed than in the singlephase PP CSI.
In [36] the three-phase PP CSI topology with an active clamping ( Fig. 12(h) ) was analyzed. This clamp circuit consists of three clamp switches and a clamp capacitor at the low voltage primary side of the DC/DC converter. The active clamp limits the transient overvoltage caused by transformer leakage inductances and helps improve the efficiency by enabling soft switching of the main switches [36] . Thus, the active clamping method achieves higher efficiency and higher power density. In [37] the single-phase FB ZSI topology is presented, shown in Fig. 13(a) . The single-phase FB topology is most useful in terms of cost and efficiency, especially when implemented for power levels higher than 3 kW [37] . The ZSI can boost or buck voltage, minimize component count, increase efficiency, and reduce the cost. This impedance source consists of a split-inductor and capacitors connected in X shape.
The application of the three-phase FB ZSI [38] (Fig. 13(b) ) has one extra zero state when the load terminals are shorted through both the upper and lower devices of any one phase leg, any two phase legs, or all three phase legs. This shootthrough zero state provides the unique buck-boost feature to the inverter [38] [39] . The single-phase and three-phase FB quasi-Z-source inverter (qZSI) proposed in [40] [41] is derived from a traditional ZSI (Fig. 14(a, b) , respectively). As compared to the ZSI, the qZSI has two distinctive advantages, such as continuous constant DC current from the source and lower operating voltage of the capacitor C2. To further improve the boost properties of the qZSI topology the cascaded quasi-Zsource circuit was introduced [42] [43] . 
Three-Level Inverters
In contrast to the traditional two-level converters, the primary advantage of the multilevel converters is their smaller output voltage step, which results in high power quality, lower harmonic components, better electromagnetic compatibility, and lower switching losses. The disadvantage of the multilevel converters is the need for a large number of power semiconductor switches. Although low-voltage-rated switches can be utilized in a multilevel converter, each switch requires a related gate driver and protection circuits. This may result in higher costs and higher complexity of the overall system [44] .
In [45] the three-level single-phase PP forward inverter topology ( Fig. 15(a) ) was analyzed. Half of the switches sustain half of the input voltage, and others sustain one and a half of the input voltage.
The three-level single-phase FB circuit illustrated in Fig.  15(b) was proposed in [46] . This converter can operate in three-level and two-level modes, so the output filter and input current ripple can be reduced. Lower output current ripple leads to higher efficiency and longer lifetime [46] .
Since the three-level topologies are not so popular, in the next comparative analysis they are not used. 
B. Rectifier Side Topologies
Papers [22-24, 27, 31-32, 37, 42, 45, 46] report rectification on the secondary side of the DC/DC converter realized by an FB rectifier consisting of the diodes D1-D4, as shown in Fig.  16(a) . In [29] to improve the efficiency as well as reduce the size and cost the output rectifier diodes are replaced with active switches. The secondary side of the DC/DC converter is connected to the voltage doubler rectifier in [40] . This type of the rectifier (Fig. 16(b) ) is derived from the FB rectifier by the replacement of diodes in one leg by the capacitors with an equal capacity. The main advantages of the voltage doubler rectifier are the doubling effect of the secondary winding voltage of the isolation transformer and reduced power dissipation due to a smaller number of rectifying diodes [40] .
In the rectifier topology proposed in [20, 28] , two DC output sources could be obtained with two separated output windings, as shown in Fig. 16(c) . The output voltage can be fully controlled by changing the phase shift angle between the two legs. In [28] in this rectifier the additional resonant component Cr, which can help achieve zero current switching operation, is also used.
According to [34] [35] [36] , the circuit of the secondary side of the DC/DC converter consists of a three-phase FB diode rectifier connected through a three-phase transformer, as shown in Fig. 16(d) .
More common DC/DC converter topologies for fuel cell applications are classified in Fig. 17 .
IV. COMPARATIVE ANALYSIS OF DC/DC CONVERTERS
The main converter ratings used to compare the efficiency of the above converter structures are presented in Table I . A comparative analysis of the advantages and disadvantages of the DC/DC converters was made. In Table II the discussed DC/DC converters are compared side by side [47] . Control circuit is complexity.
Implementation possibilities
Most useful in terms of cost and efficiency, especially when implemented for power levels higher than 3 kW.
Feasible for the power range around 1 kW.
A three-phase transformer gives a potential feedom and flexibility to choose voltages and currents in the inverter, transformer and rectifier.
V. CONCLUSIONS
The DC/DC converter topologies that can be considered for EL and FC applications have been presented in this paper. All these converters have a high-frequency voltage matching transformer, which should also perform the function of galvanic isolation of the inverter and rectifier side. This paper gives an opportunity to compare the basic parameters of the DC/DC converters and select more feasible topology for particular applications.
In electrolyzer applications of the inverter side of the DC/DC converter, switching losses must be kept as low as possible. Thus, ZVS or ZCS is preferred. In the case of a rectifier side, a low component count is preferred, as the current is relatively high.
The FC is one of the promising technologies for RES. It can provide higher efficiency and enhanced reliability of the longterm energy storage systems. Because of the FC disadvantage due to high variations in its output voltage when the load changes, the DC/DC converter is used to supply a smooth output voltage to other electrical loads. According to power the discussed DC/DC converters can be classified like converters for small or medium power systems. In a power range about 1-3 kW, converters like half-bridge or push-pull are suitable topologies utilizing high-frequency transformer. For a power range higher then 3 kW, the full-bridge converter is an appropriate solution for fuel cell applications. The threephase configurations of the DC/DC converter topology can be used to improve the losses distribution in the converter and to increase power converter ratings. However, the three-phase topology applications increase the number of components that may not be feasible. As an example, the discussed DC/DC converter circuits have been illustrated in this paper.
